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1Department of Mathematics & Statistics, University of Strathclyde, Glasgow, United Kingdom, 2Marine Laboratory, Marine
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The zooplanktivorous schooling fish sandeels A. marinus comprise a quarter of North
Sea fish biomass and are essential food for a number of marine mammals and birds.
However, in recent decades there has been a decline in the abundance of older sandeels,
with increased overwinter mortality proposed as a contributor. To survive winter animals
require a minimum energy reserve which is determined by temperature, prey abundance,
and possibly prey size. Here a new dynamic energy budget model is created to determine
the influence of food and temperature on sandeel energy dynamics. The model hindcasts
changes in energy and survival between 2000 and 2008, a period of pronounced stock
decline in the northwestern North Sea. Overwinter starvation mortality was a large
contributor toward a recent decline in sandeels in northern UKwaters. Highest overwinter
mortality rates were recorded for juveniles and not individuals aged 1 or over due to
the effect of weight-specific metabolism. However, a sensitivity analysis of the model
suggests that mortality rates are more sensitive to changes in copepod abundance
in the build up to overwintering rather than temperature during overwintering. Further,
projections show that temperature rises are negated by increases in large, but not
small copepods. The conclusion is that food-driven size-selective starvation mortality
contributed to the northwestern North Sea stock decline and that indirect food web
effects of climate change are greater than direct physiological effects on sandeels.
Keywords: growth, model, reserve, energy, A. marinus, copepod
INTRODUCTION
As an adaptation to low food availability many fish species build up energy reserves which are
mobilized during periods of food scarcity (Biro et al., 2004; Tomiyama and Yanagibashi, 2004).
Sandeels, a small shoaling fish, is an archetypal example. Aside from a spawning period in January–
February (Régnier et al., 2018), these fish overwinter in the sediment between August and April
subsisting on energy reserves acquired during a short feeding season (Winslade, 1974; Reeves,
1994). The sediment offers refuge from predation, which is huge (Reay, 1970), but sandeels require
a minimum energy reserve to survive overwintering and reproduce, and therefore must balance a
trade-off between foraging and remaining in the sediment (van Deurs et al., 2010).
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Accounting for∼25% of North Sea fish biomass (Christensen
et al., 2013), sandeels are crucial prey for a number of seabird
species (Wanless et al., 1998, 2004; Lewis et al., 2001; Lahoz-
Monfort et al., 2011). A. marinus, hereafter sandeels, is the
most abundant sandeel species, comprising more than 90% of
sandeel fishery catches (Macer, 1966; Goodlad and Napier, 1997).
Sandeels begin life in winter as eggs on the seabed (Reay, 1970;
Bergstad et al., 2001), and, after a larval stage, settle as juveniles
in early summer. Individuals alternate between surface feeding
and burying in the sediment (Ryland, 1964; Macer, 1966; van
Deurs et al., 2013) before overwintering between spring and
autumn, and the following spring (Reeves, 1994). A threshold
fat content is required to begin overwintering (Winslade, 1974).
Larger fatter individuals enter overwintering earlier than smaller
individuals, with 0-group fish spending 1–2 months longer
feeding, suggesting they need more time to acquire energy
reserves for overwintering (Macer, 1966; Reeves, 1994; Kvist et al.,
2001; Tomiyama and Yanagibashi, 2004).
Two selective pressures drive overwintering, starvation from
exhausted reserves and predation mortality. The influence of
these pressures varies according to sandeel size. Many 0-
group fish use energy to grow rapidly to reduce predation
pressure (Anthony et al., 2000), with some maintaining lipid
levels just above the minimum required to survive, even when
physiologically capable of allocating energy to reserves (Biro
et al., 2005). Once a threshold size is reached, sandeels, like many
other species, begin to store considerably more lipid (Robards
et al., 1999; Post and Parkinson, 2001; Biro et al., 2005; Kooka
and Yamamura, 2012). This threshold size corresponds to the
minimum length of an overwintering sandeel (Holland et al.,
2005), suggesting the onset of overwintering is determined by
lipid stores (Robards et al., 1999; Holland et al., 2005).
Overwinter mortality caused by lipid reserve depletion is a
huge contributor to overall mortality of 0-group fish (Hurst
and Conover, 2003; Biro et al., 2004). Lipid depletion can
occur in winter for several reasons. First, reserves are primarily
determined by the quality and availability of prey during the
feeding season. Sandeel growth rate, which likely correlates with
reserve mass, may depend on prey size as well as biomass (van
Deurs et al., 2014). This hypothesis is consistent with observed
declines in copepod size (Reid et al., 1998, 2001; Beaugrand
et al., 2002; Drinkwater et al., 2003; Reygondeau and Beaugrand,
2011), large copepod abundance (Reid et al., 2003) and sandeel
growth rate (Wanless et al., 2004). Reserves are also sensitive
to temperature rises, which accelerates lipid loss increasing the
likelihood of starvation (van Deurs et al., 2011). Moreover,
increased temperature accelerates sandeel oxygen consumption
and also reduces oxygen concentration within the sediment
(Benson and Krause, 1984), increasing mortality. Another
mechanism for overwinter mortality is size-dependent reserve
loss. Not only do smaller fish have fewer reserves than larger
individuals, they burn reserves at a faster rate due to weight-
specific metabolism (metabolism ∼ body weightr ; r < 1, Clarke
and Johnston, 1999). Consequently, starvation risk increases with
decreasing size (Oliver et al., 1979; Kirjasniemi and Valtonen,
1997; Schultz et al., 1998; Biro et al., 2004), making 0-group
sandeels the most vulnerable age class. Zero-group overwinter
starvation probability has likely increased in recent decades
because of a decline in length (Wanless et al., 2004; van
Deurs et al., 2011). This has been linked to declining sandeel
abundance in an unfished region of the Northwestern North Sea
(MacDonald et al., 2015, Figure 1). Since 2000, larval abundance
has declined but 0-group abundance has beenmaintained (Heath
et al., 2012a). In other words, the number of 0-group sandeels has
not changed dramatically over time, while the number of older
sandeels has continued to decline. Increasing starvationmortality
of sandeels in their first winter can cause this pattern.
Two main factors have been suggested as responsible for
the decline in sandeel abundance, increases in overwinter and
predation mortality (MacDonald et al., 2015). There is currently
no evidence that fish predators have suppressed the sandeel
stock off the Firth of Forth although this is a hypothesis worthy
of investigation. While there is no evidence for increases in
overwinter mortality, van Deurs et al. (2011) suggested the
existence of a threshold size for overwinter survival. Therefore,
evidence for declines in length of overwintering sandeels suggests
an increased starvation risk. To address the hypothesis that
overwinter starvation is a major contributor to a decline in
abundance a new Dynamic Energy Budget (DEB) model is used
to hindcast changes in sandeel energy and survival between 2000
and 2008. The model is a modified version of DEB models
used to model salmonid growth (Broekhuizen et al., 1994; Jones
et al., 2002). Overwinter mortality occurs when reserves are
depleted, which are primarily determined by size, prey quality
and availability, and temperature. DEB models are appropriate
since they (1) describe the rates at which an individual organism
acquires energy and uses it for growth or reproduction based on
size andmaturation status (Kooijman, 2010) and (2) allow amore
direct measure of an individual’s ability to withstand starvation
(Broekhuizen et al., 1994).
MATERIALS AND METHODS
The Model
The following sections offer an overview of the model. Key
model elements are described in Table 1. For a full mathematical
description of this model and its parameters, see Appendix F
in Supplementary Material. Individual sandeels are modeled in
terms of the energy content (kJ) of structure (S), reserves (R) and
gonads (G). Sandeel condition (ρ) is an important component
of the model. Condition influences models of energy allocation
(allocating energy from reserves to structure and/or gonad
tissue), starvation mortality and ingestion. Previous DEB models
have used the reserve ratio, defined as the ratio of reserve energy
to structural energy, as a proxy for condition (Broekhuizen et al.,
1994; Jones et al., 2002). The ratio of reserve energy to structural
and gonad energy (ρ = reserve energystructural energy + gonad energy ) is used as a
proxy for condition, and is referred to as the “reserve ratio,” or
simply condition.
The metabolic cost of sustaining the life of an individual
is prioritized over growth and reproduction. Therefore, energy
allocation to gonad and structure should only occur after
metabolic costs are covered. This is modeled using the following
assumptions: 1. All assimilated energy enters reserves. 2.
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FIGURE 1 | Location of the study area off the Scottish east coast (black box, 56◦ 00N and 56◦ 30N and longitudes 003◦ 00W and 001◦ 00W). The pale gray shaded
area indicates water depths between 30 and 70m. This covers the Wee Bankie/Marr Bank/Berwick’s Bank sandbank complex, which is prime sandeel habitat
(Proctor et al., 1998; Pedersen et al., 1999). The black diamond denotes the Isle of May seabird colony. The black circle denotes the plankton monitoring site at
Stonehaven where food and temperature measurements were taken between 2000 and 2008 (56◦ 57.83’N, 002◦ 06.74’W).
Metabolic costs are subtracted from reserves. 3. Once metabolic
costs have been paid a fraction of remaining assimilated energy is
allocated to structure and gonads. The rate of change of R, S, and
G are modeled using three ordinary differential equations. The
rate of change of reserve energy (kJ d−1) is given by:
dR
dt
= A−M −
dS
dt
−
dG
dt
(1)
where A is the rate at which an animal assimilates energy (kJ d−1)
andM is the rate at which animals lose energy to metabolism (kJ
d−1).
The rate of change of structural energy is given by:
dS
dt
= C (ρ, S) [A−M]+ (2)
where ρ is the sandeel reserve ratio and C (ρ, S) is the fraction
of assimilated energy remaining after metabolism that is used
to form structure (Appendix F in Supplementary Material).
C (ρ, S) decreases with length and increases with the reserve ratio
(Figure A1 in Supplementary Material). This is because (1) small
sandeels appear to use much more energy to build structure than
larger sandeels (Robards et al., 1999) meaning C (ρ, S) must
be a decreasing function of length and (2) individuals with a
high reserve ratio allocate more energy to structure than those
with poor reserve ratios meaning C (ρ, S) must be an increasing
function of the reserve ratio.
The rate of change of gonad energy is given by:
dG
dt
= G (ρ, S) R (3)
where G (ρ, S) is the fraction of reserve energy directed to gonads
(Appendix F in SupplementaryMaterial). Modeled gonad energy
allocation occurs on 1st November and gonad formation
efficiency is assumed to be 100%. Mean spawning day in the
northwestern North Sea between 2000 and 2009 is 21st January
(MacDonald, 2017).
Metabolism
Metabolism scales allometrically with body weight and increases
with temperature.Metabolism scales with body weight to a power
<1 meaning larger fish have lower weight-specific metabolism
than smaller fish. Sandeel metabolism is higher during feeding
season than overwintering due to activity associated with
foraging. Foraging occurs during daylight (Ryland, 1964) and
sandeels spend 2 times their standard metabolic rate when
active (SMR) (van Deurs et al., 2015). To estimate the effect of
temperature and body size on metabolism, respiration data from
the closely related species, A. hexapterus, is used (Quinn and
Schneider, 1991, see Appendix A in Supplementary Material).
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TABLE 1 | Model overview.
Term and units Equation Comments
Reserve energy (R; kJ) − −
Structural energy (S; kJ) − −
Gonad energy (G; kJ) − −
Wet weight (W; g) W =
Rdry
Er
R+
Sdry
Es
S+
Gdry
Eg
G Wet weight is found by multiplying R, S and G
by conversion factors
Rdry
Er
= 0.107,
Sdry
Es
= 0.2899 and
Gdry
Eg
= 0.2899
Rdry , Sdry and Gdry are dry-wet weight
conversion factors. Er , Es and Eg are energy
densities of reserve, structural and gonad dry
tissues.
Length (L; cm) L =
(
S
0.000236
)1/3
S ∼ L3 (Kooijman, 2010).
Reserve ratio (ρ) R
S+G
The reserve ratio is used as a proxy for sandeel
condition.
Allocation to structure C
(
ρ,S
)
C
(
ρ,S
)
=


f
(
86.917− 18.046 log
(
S
))
, if ρ > 1127.965
f
(
86.917−18.046 log(S)[ρ−0.9304]+
1127.035
)
otherwise
Structural energy allocation increases with
reserve ratio and decreases with structure, a
proxy for length. The function f (·) constrains
energy allocation C
(
ρ, S
)
between 0 and 1,
thus f (X)=max (0,min (1,X)) .
Allocation to gonads G
(
ρ,S
)
G
(
ρ,S
)
=


f
(
−4.846+ 16.601 log
(
S
))
, if ρ > 1127.965
f
(
−4.846+16.601 log(S)[ρ−0.9304]+
1127.035
)
, if ρ ≤ 1127.965
0, otherwise
Gonad energy allocation increases with reserve
ratio and structure, a proxy for length.
Overwintering metabolic rate (Mov; kJ d
−1) Mov = 0.01722 1.46
T/10 W0.645 Metabolism increases with temperature and
weight.
Feeding metabolic rate (Mfeed; kJ d
−1) Mfeed = 0.02025882(1+ Pd )
(
1.8T/10 W0.645
)
Foraging occurs during daylight (Ryland, 1964)
and sandeels spend 2 times their standard
metabolic rate when active (SMR) (van Deurs
et al., 2015). Pd represents the proportion of
the day with daylight.
Assimilation rate (A; kJ d−1) A = ǫ Pd
(
3.043F2
L
+0.534F2
S
+0.147
)
1+
Ed
(
0.543 F2
L
+0.167 F2
S
+0.034
)
0.346 Λ(ρ) S0.33
1.72
T
10 S0.67 Assimilation efficiency ǫ = 0.82 + 0.0076 T
(Gilman, 1994).
Starvation survival (ξS; d
−1) ξS =
1
1+e−18.99(ρ− 0.698)
Starvation survival is 50% at ρ = σ2 = 0.698.
Background survival (ξN; d
−1) ξN = µ Each cohort has an associated background
mortality µ constant over their lifetime.
Overwinter reserve ratio threshold (OVthresh) OVthresh =
25.813−0.107 d
S0.251
OVthresh decreases with increasing structure S
and julian day d.
Parameter values are found in Table A2 and a full mathematical description is of this model and its parameters is provided in Appendix F in Supplementary Material.
Ingestion
Modeled ingestion rate scales allometrically with structural
weight and increases with temperature. Further, ingestion rate
increases in response to low condition and day length Ingestion
rate also related to zooplankton community abundance and
composition (Appendix B in Supplementary Material). Sandeels
feed on copepods, crustacean larvae and annelids during daylight
(Ryland, 1964; Macer, 1966; van Deurs et al., 2013). They appear
to actively search for larger prey items, ignoring smaller ones
(van Deurs et al., 2014). Copepod prey is therefore separated
into large and small groups (FL, FS, kJ m
−3). To account
for non-copepod prey, an extra constant background food
concentration
(
FB, kJ m−3
)
is assumed. Each of these food
concentrations has an associated attack rate to reflect sandeels
preference for each different prey group. Due to scarcity of
data on A. marinus ingestion rate empirical data from the
closely related species, A. tobianus, is used to inform the model
(van Deurs et al., 2010, 2015) (Appendix B in Supplementary
Material).
There is evidence that sandeels increase their ingestion rates
when in poor condition. Animals grow extremely rapidly after
going more than two-thirds of the year without feeding, taking
only 2months to double their energy content (Hislop et al., 1991).
Modeled sandeels are able to increase their normal maximum
ingestion rate when the reserve ratio decreases below a critical
value τ .
Overwintering Timing
Sandeels must cease feeding and overwinter for a prolonged
period. Sandeels emerge within a short window between
the beginning of March and the end of April (Reeves,
1994). However, the causes of timing are not understood.
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Animals are therefore assumed to stop overwintering on
April 1st.
In contrast to the overwintering end date, there is considerable
variation in overwintering start dates, which can range between
May and October (Reeves, 1994). Modeled sandeels overwinter
when a reserve ratio threshold is reached. The timing of this
overwintering threshold is size-specific; smaller sandeels require
higher reserve ratios to overwinter than larger sandeels at length.
This is because smaller animals have higher weight specific
respiration rates and therefore deplete energy reserves at a
relatively faster rate.
Mortality
Modeled sandeels incur two types of mortality: condition-
dependent starvationmortality and a cohort-specific background
mortality. Background mortality covers all types of mortality
except starvation mortality. Starvation may start to occur
once the reserve ratio falls below a critical value and is
regarded as a probabilistic process, so a given fraction of
the population is removed each day. Each cohort has an
associated background mortality which is constant over its
lifetime.
Relating Sandeel Energy Content to Length and
Weight
Sandeel energy data is required to fit the model and estimate
unknown parameters, however this data is not available. Instead,
the model is validated by converting R, S, and G to length
and weight, and comparing with observed length and weight
estimates from survey data.
Reserve, structural and gonad energy is converted into wet
weight using two steps. First, R, S, and G are converted to
dry weight using dry weight energy densities. Then, reserve,
structural, and gonad dry weight is converted into wet weight
using conversion factors.
W =
Rdry
Er
R+
Sdry
Es
S+
Gdry
Eg
G (4)
Rdry Sdry and Gdry is the ratio of wet weight to dry weight for
reserve, structural and gonad tissue. Er , Es, Eg are energy densities
for reserve, structural and gonad dry weight.
By definition, structure cannot decrease. Consequently,
structure is a proxy for length. Several DEBmodels (Broekhuizen
et al., 1994; Jones et al., 2002) assume this relationship takes the
form:
L =
(
S
α
)1/β
(5)
where α and β are the length-structure scale and the
length-structure exponent, respectively. Rdry, Sdry, Gdry, α and
β are empirically derived (Appendix C in Supplementary
Material).
Environmental Drivers
The model is driven by temperature T (◦C), and prey energy
concentration (kJ m−3). High-resolution food and temperature
data were not available for the Firth of Forth. Therefore,
food and temperature from a location ∼60 km north of the
center of the study region was used. Zooplankton samples
and temperature readings were taken in Stonehaven (56◦
57.83′N, 002◦ 06.74′W, Figure 1) between January 2000 and
December 2008. For full details on sampling methods, see
Bresnan et al. (2015). Temperature readings were taken using
reversing thermometers and CTD probes. Surface and seabed
temperature (45m) is used in the model to account for
temperature variation experienced by sandeels when they are
feeding and overwintering, respectively. Copepod abundance was
grouped by species and stage. Large copepods are defined as
any of the advanced Calanus stages (Table A4 in Supplementary
Material). Small copepods are defined as being any of the other
major calanoid copepod species (Table A5 in Supplementary
Material). Copepod energy content was estimated in the
following way: First, copepod prosome length was converted
to wet weight (van Deurs et al., 2015), then into energy
content using energy densities for small (<1.3mm) and large
copepods (>1.3mm) (van Deurs et al., 2013, Appendix H in
Supplementary Material). Large and small copepod biomass
concentration was estimated by fitting smooths (LOESS, span =
0.04) to the time series of copepod measurements (Figure A2 in
Supplementary Material).
Initial Conditions of the Model
The model is run using reserve and structural energy of 0-
group and age 1 fish in summer as initial conditions (Figure A3
in Supplementary Material). Each cohort consists of a group
of individuals, each characterized by a unique structural and
reserve energy, and abundance. Unfortunately, no observations
of sandeel energy between 2000 and 2008 were available; only
length and weight estimates are available from survey data.
However, structural and reserve energy can be estimated by
using empirically derived relationships between length, weight
and energy content (section Relating Sandeel Energy Content to
Length and Weight).
Parameter Estimation and Model
Implementation
Parameter values (Table A2, Appendix D in Supplementary
Material) are found using the following method. First, empirical
data from the literature is used if available. If parameters are
not available, they are derived using empirical data if possible.
If a parameter is not available from the literature and cannot be
derived, it is treated as a fitting parameter. Fitting parameters
were found by fitting the model to length and weight data.
The model is implemented in C and parameterized in R.
Ordinary differential equations (Equations 1–3) were solved
numerically using the Euler method with discrete daily time
steps. To ensure the discrete differential equations converged to
the continuous differential equations, model results using the
Euler method and the ode45 method in the deSolve package (R
Development Core Team, 2014) were compared. The model was
fitted by selecting the set of unknown model parameters ()
that minimized the error between observed and modeled length,
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weight, reserve ratio, and abundance at survey date.
Error = m
Ω
in
∑
i,a,y,s
(
Modelled Li,a,y,s − Observed Li,a,y,s
Observed Li,a,y,s
)2
+
(
Modelled wi,a,y,s − Observed wi,a,y,s
Observed wi,a,y,s
)2
+
(
Modelled ρi,a,y,s − Observed ρi,a,y,s
Observed ρi,a,y,s
)2
+
(
Modelled abi, a,y,s − Observed abi,a,y,s
Observed abi, a,y,s
)2
(6)
where Li,a,y,s denotes the ith individual at age a, year y, and survey
time s.
This error was minimized by using simulated annealing in R
(GenSA package).
This was done because there are many local minima due to the
complexity of the model.
Model Experiments
The DEB model was used to unravel the relative influence of
food and temperature on sandeel growth (see section Relative
Influence of Food and Temperature on Sandeel Physiology).
Modeled year-to-year changes in sandeel growth are dependent
on the amount of food available during the short feeding
period and/or the effect of temperature on metabolism during
the long overwintering period. This was done by running the
baseline model using climatological average temperature and
food separately, and comparing length, weight, and energy
predictions with estimates derived using observed food and
temperature conditions. Large deviations from these estimates
would imply large sensitivity to temperature or food. Vice-versa,
small deviations from the best model fit would imply robustness
to temperature or food.
A sensitivity analysis was undertaken to determine the relative
influence of year-to-year variation in food and temperature
on year-to-year changes in sandeel length, weight and energy
content. The model was run using climatological average food
and actual temperature, and then run again using climatological
average temperature and actual food. Results were then
compared to those expected using actual food and temperature.
The model was used to predict the effects of changes in
temperature and small and large copepod abundance on sandeel
abundance (see section Projecting Future Changes in Sandeel
Size, Energy, and Survival). Temperature was varied between
−5 and 5◦C relative to the climatological average temperature
between 2000 and 2008. Large and small copepod abundance
was varied between−100 and 100% relative to the climatological
average. Changes in length, weight, energy, and abundance of
the average sandeel cohort during the study period were then
estimated for each combination of temperature and food. To
estimate the average cohort, the abundance of each sandeel 0-
group was normalized and all initial length and weight estimates
were combined, producing abundance-at-length-and-weight for
the average sandeel cohort between 2000 and 2008 (Figure A4
in Supplementary Material). Changes in mean length, weight,
energy content and overwinter survivorship of 0-group sandeels
were tracked under different temperature and food conditions
until the following July.
RESULTS
Year-to-Year Changes in Energy Content
Given measurements of abundance at age, weight, and length for
each cohort, the model was used to reconstruct past changes in
energy and condition (Figures 2, 3). Figure 2 shows the ratio of
reserve energy to structural energy. Reserve ratio shows a strong
seasonal pattern, especially for cohorts born in 2000, 2001, and
2002. Minimum and maximum reserve ratios occurred in March
and June, respectively.
Figure 3 shows year-to-year changes in sandeel energy
content. There was considerable inter-annual variation in energy
at age. 0-group energy content varied by a factor of 4 during
the study period, ranging from 5.8 kJ in 2000, to 1.2 kJ in 2005
(Figure 3). A similar range was detected in age 1 fish, which had
energy values of 16.7 and 73.2 kJ in 2002 and 2009, respectively.
Relative Influence of Food and
Temperature on Sandeel Physiology
The model provides good fits to length, weight, reserve ratio,
and abundance data (Figure 4). Large changes in modeled
length, weight, and energy revealed that variation in food was
more influential than variation in temperature (Figure 5). The
climatological average food model produced large changes in
length, weight, and energy, while the climatological average
temperature model did not alter results demonstratively
(Figure 5). For example, using observed and climatological
average temperature in the model resulted in mean lengths of
10.09 and 10.14 cm for age 1 sandeels at the dates of the summer
survey, respectively. However, using climatological average food
in the model resulted in greater mean lengths of 11.65 cm.
Year-to-year changes in food were also the most important
driver of variation in annual survival rates (Figure 6). Figure 6
shows first year survival of 0-group sandeels under observed
environmental conditions (red line), and climatological averaged
food and temperature (blue and black lines). First year
survivorship under observed environmental conditions ranged
from ∼0.03% in 2005/06 to 11.69% in 2003/04 (Figure 6).
The magnitude of starvation mortality varied year-to-year.
68.5% of sandeels born in 2005 succumbed to starvation
mortality compared to 2.6% of sandeels born in 2006. Modeled
survivorship was markedly higher when using a climatological
average for food, and ranged from 0.45% in 2006/07 to 47.29% in
2005/06 (Figure 6, Table 2).
Projecting Future Changes in Sandeel Size,
Energy, and Survival
Due to the positive effect of temperature on growth in the model
a 5◦C rise increases energy, weight and length by 32, 31, and 9%
from baseline values, respectively. Energy increased from 45 to
59.5 kJ, weight from 6.4 to 8.4 g and length from 12.2 to 13.3 cm.
However, a 5◦C temperature rise also leads to higher overwinter
mortality, with the baseline biomass value declining by 65%.
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FIGURE 2 | Year-to-year changes in cohort reserve ratio, the proxy for sandeel condition. Sandeel condition is highly seasonal, reaching a minimum in March and a
maximum in June. Condition generally increases with age.
FIGURE 3 | Year-to-year changes in energy content per sandeel. There was a general decline in energy content between 2000 and 2006 for most age groups. Energy
per sandeel was relatively high in 2008.
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FIGURE 4 | Comparison of modeled and observed weight, length, reserve ratio and abundance. Upper panel: Comparison of modeled and observed weight, length,
reserve ratio. Points represent observed mean values at survey dates. Black lines represent linear fits through the data. The model provides excellent fits to weight (R2
= 0.96, n = 83, intercept = −0.224, slope = 1.063), length (R2 = 0.95, n = 83, intercept = 0.0292, slope = 0.996) and reserve ratio data (R2 = 0.91, n = 83,
intercept = 0.394, slope = 0.88). Lower panel: comparison of modeled and observed abundance at age. Points represent observed abundance at age. Black lines
represent modeled abundance at age. The model provides excellent fits to the 2000 (R2 = 0.71, p < 0.05, n = 5), 2001 (R2 = 0.87, p < 0.05), and 2005 (R2 =
0.996, p < 0.03, n = 3) cohorts and satisfactory fits to the 2002 (R2 = 0.67, p < 0.06), 2003 (R2 = 0.73, p < 0.1, n = 4), and 2006 (n = 2) cohorts. The model
provides an excellent fit to sandeel abundance at age over the study period (R2 = 0.84, p < 1e-9, n = 23).
Figure 7 shows the modeled changes in sandeel abundance
in relation to deviations from the climatological average food
and temperature. If large copepod abundance is equivalent to
the climatological average, changes in sandeel abundance are
driven primarily by changes in temperature, not changes in small
copepod abundance (left panel, Figure 7). In contrast, if small
copepod abundance is equivalent to the climatological average,
changes in sandeel abundance are driven by a combination of
temperature changes and changes in large copepod abundance
(right panel, Figure 7).
Modeled Prey Composition of Sandeels
Individuals displayed a preference for large copepods. Half-
saturation constants were 0.0607 and 0.253 g WW m−3 for
6 cm sandeels feeding on large and small copepods, respectively.
Figure 8 shows mean monthly prey composition of a 6 cm
sandeel between April and July. Perhaps surprisingly, non-
copepod food was the most important prey (∼57% of mean
energy intake), more so than large (∼33% of mean energy intake)
or small (∼10% of mean energy intake) copepods between 2000
and 2008.
DISCUSSION
Recent changes in sandeel growth andmortality reflected changes
in copepod biomass concentration, rather than variation in
temperature (Figures 6, 7). Overwinter starvation was a key
component of 1st year mortality and contributed to declines
in abundance (Figure 6). The importance of lipid reserves for
Frontiers in Marine Science | www.frontiersin.org 8 September 2018 | Volume 5 | Article 339
MacDonald et al. Modeling Sandeel Energy Dynamics
FIGURE 5 | Model sensitivity of length, weight and reserve ratio to food and temperature. The x-axis represents the model predictions and the y-axis represents
predictions using climatological averages. Year-to-year changes in sandeel size and energy are driven by variation in food, not temperature.
0-group fish survival and the magnitude of starvation have been
highlighted before for rainbow troutOnchorhynchus mykiss (Biro
et al., 2004). Modeled mortality was consistent with published
estimates for A. marinus, with mortality >90% for 0-group fish
(Reay, 1973; Cook, 2004). It is not the increase in metabolic costs
associated with increased temperature, which uses up sandeel
energy reserves faster, that causes the overwinter mortality;
it is the fact that these reserves are smaller because of the
poorer feeding conditions. Sandeels are bottom-up limited by
phytoplankton (Frederiksen et al., 2006; Eliasen et al., 2011) and
zooplankton (Frederiksen et al., 2006), and spatial variation in
sandeel productivity may reflect regional differences in copepod
abundance (Heath et al., 2012b; O’Brien et al., 2013). Sandeels off
the Firth of Forth may have the fewest foraging opportunities in
the North Sea since the spring bloom is shorter than anywhere
else (Fransz et al., 1991) and copepod abundance is typically
lower than in central and southern areas (Edwards et al., 2010).
This may be why field data on sandeel stomach content off
the Firth of Forth show that appendicularians are the main
prey (García et al., 2012), and explain why no relationship
exists between Calanus spp. abundance and the proportion of
sandeels in seabird diets (Howells et al., 2017). Modeled sandeels
mostly consumed non-copepod prey (Figure 8), reflecting these
points.
North Sea sea surface temperature may rise by more than
3◦C by 2100 if emissions continue at similar rates (IPCC,
2007). Under current levels of prey abundance and community
composition, a 5◦C rise slightly increases sandeel growth but
leads to a considerable increase in overwinter starvation due
to accelerated reserve loss under higher temperatures. Negative
impacts of climate warming on sandeel physiology are negated
by an increase in large copepod abundance, but not by the
abundance of small copepods. For example, a 1◦C rise is negated
by an increase in large copepod abundance of 11%, however
an increase of small copepods by 41% is required to maintain
sandeel abundance at current levels (Figure 7). Short term (<10
years) variation in sandeel abundance is driven by changes in
large copepods. Under current temperatures, a 10% decrease in
large and small copepods reduces sandeel abundance by 6 and
1%, respectively (Figure 7). Copepod size is expected to decrease
at a given latitude (Reid et al., 1998, 2001; Beaugrand et al.,
2002; Drinkwater et al., 2003; Reygondeau and Beaugrand, 2011),
therefore, sandeels, which are highly residential, will feed on
smaller prey, reducing growth and survival (van Deurs et al.,
2014, this study). Mitigating negative effects of smaller prey by
extending the foraging season is unlikely if the optimal feeding
period occurs in late spring/early summer and fitness is enhanced
by remaining in the sediment (van Deurs et al., 2010).
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FIGURE 6 | Sensitivity of survival to food and temperature. Red points denote results using the best model fit. Blue and black points denote results using
climatological average food and temperature between 2000 and 2008, respectively.
Ocean warming is largely predicted to result in decreases in
fish size (Baudron et al., 2014; van Rijn et al., 2017). Our model is
inconsistent with this prediction, showing that a 5◦C rise leads to
a slight increase in sandeel growth. However, recent experimental
work shows that A. marinus somatic energy content will not be
significantly affected by a 5◦C temperature rise (Wright et al.,
2017). While the importance of direct temperature effects on
sandeel population dynamics cannot be conclusively ruled out,
this work is not the first to suggest they have a weak effect on
growth and mortality (Buckley et al., 1984; Pitois et al., 2012).
This can explain why sandeel populations have not declined
in areas that have undergone most warming, for example the
Southern North Sea.
Sandeel energy content at age varied markedly between years
(Figure 3). For instance, seabirds feeding on 0-group sandeels in
2000 ingested almost 400% more energy per fish than in 2005
(Figure 3). Such extreme variation in prey energy content can
impact breeding success of single prey loading species (Wanless
et al., 2005). Although spatial variation in energy content has
been demonstrated across the North Sea and its implications on
single prey loading seabirds discussed (Rindorf et al., 2016), this
study is the first to provide a long-term account of variation in
energy content.
Due to a lack of empirical data on A. marinus experimental
data on closely related species was used. This decision is
justified by similarity in behavior, body shape and length-
weight relationships of sandeel species (Table A3, Appendix E
in Supplementary Material). Future work should determine
if sandeel ingestion rate is strongly dependent on prey size
(van Deurs et al., 2014), and if non-copepod prey form a
large proportion of the diet (García et al., 2012). This will
require sampling sandeel stomach content, zooplankton size, and
concentration in the field. Another model assumption was that
density dependent effects on growth were negligible. However,
density dependence is likely limited to the egg and larval stages,
while only post-metamorphic sandeels aremodeled. Cannibalism
on post-metamorphic individuals is low (Ritzau Eigaard et al.,
2014) and growth suppression of small fish by larger individuals
is unlikely since sandeels usually aggregate according to size
(Johnsen et al., 2009; Jensen et al., 2011).
Due to an absence of zooplankton abundance data from the
Firth of Forth, a time series of weekly measurements of copepod
concentration from anothermonitoring site was used. It is known
that C. finmarchicus are transported into the North Sea from
waters beyond the European shelf, so arrive later in Southern
areas (Heath et al., 1999). The implication is that copepod
phenology is earlier than it should be in the model. However,
this effect is likely minimal due to the close proximity of the
two monitoring sites. It was also assumed that copepod energy
content remained fixed in time, however, this may show seasonal
and annual variation (Miller et al., 2000; McKinstry et al., 2013).
The cause of the sandeel stock decline in the northwestern
North Sea was addressed by considering only direct physiological
and lifecycle changes to the sandeel. The role of predation
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TABLE 2 | Sensitivity of modeled 0-group survivorship (%) between June and the following April to food and temperature.
Winter Food Temperature Mortality (%) Natural (%) Starvation (%)
2000/01 Observed Observed 94.03 68.03 26
Observed Climatological average 94.36 67.78 26.58
Climatological average Observed 71.78 71.0354 0.7446
2001/02 Observed Observed 92.6 52.75475 39.84525
Observed Climatological average 92.54 52.80600 39.734
Climatological average Observed 56.03 55.75850 0.2715
2002/03 Observed Observed 98.5 58.646 39.854
Observed Climatological average 98.41 58.740 39.67
Climatological average Observed 71.18 65.366 5.814
2003/04 Observed Observed 88.31 60.780 27.53
Observed Climatological average 88.39 60.900 27.49
Climatological average Observed 67.82 62.801 5.019
2005/06 Observed Observed 99.97 31.520 68.45
Observed Climatological average 99.98 31.355 68.625
Climatological average Observed 52.71 38.450 14.26
2006/07 Observed Observed 99.2 96.584 2.616
Observed Climatological average 98.87 96.695 2.175
Climatological average Observed 99.55 96.382 3.168
We run three models, one using observed food and temperature, one using climatological average temperature, and another using climatological average food. We then compare
estimates of survivorship. The model is insensitive to year-to-year changes in temperature but is highly sensitive to year-to-year changes in food.
FIGURE 7 | Changes in abundance of the average sandeel cohort in relation to deviations from the climatological average food and temperature between 2000 and
2008. Points represent actual food (between Julian days 145 and 212) and temperature measurements (annual). The change in large copepod abundance for 2008 is
not shown (change = 498%).
mortality was not analyzed, and this is undoubtedly an important
driver of stock dynamics. However, piscivorous fish capable of
suppressing the sandeel stock (Hislop, 1997; Greenstreet et al.,
1998) did not increase off the Firth of Forth (Greenstreet et al.,
2010). Further, increased predation by fish that prey on the
larval sandeels (Frederiksen et al., 2007) appears unlikely since
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FIGURE 8 | Modeled mean daily ingestion rate (kJ d−1) of a 6 cm sandeel feeding on large, small, and non-copepod prey.
larval survival has increased (Heath et al., 2012a). The sandeel
stock may be suppressed by other pelagic fish. For example, the
abundance of mackerel, which prey on sandeels and compete for
food (Jones, 1983), has increased substantially in the North Sea
since 2000 (Engelhard et al., 2008; Jansen, 2016).
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